This paper studies the pair production of the doubly charged Higgs boson of the left-right symmetric models using multilepton final state in the vector boson fusion (VBF)-like processes. The study is performed in the framework consistent with the model's correction to the standard model ρEW parameter. VBF topological cuts, number of leptons in the final state and pT cuts on the leptons are found to be effective in suppressing the background. Significant mass reach can be achieved for exclusion/discovery of the doubly charge Higgs boson for the upcoming LHC run with a luminosity of O(10 3 ) fb −1 .
I. INTRODUCTION
The LHC experiments have successfully discovered the last missing piece of the standard model (SM) -the elusive Higgs boson. However no sign of any physics beyond the SM has been observed yet. Although the standard model has been extremely effective, many unsolved questions still remain. The left-right (L-R) symmetric models [1, 2] provide appealing solutions for some of these questions. Firstly it explains the origin of the parity violation at the weak scale. In L-R models, parity is an exact symmetry of the weak-interaction Lagrangian at an energy scale much higher than the SM scale. The parity violation arises from the spontaneous symmetry breaking driven by a vacuum not being invariant under parity. Secondly, the L-R models predicts the existence of right handed neutrinos that explain the light neutrino mass via the see-saw mechanism. Finally these models place quarks and leptons on the same footing in the weak interactions and provide a simple formula for the electric charge, involving only the weak isospin and the difference between the baryon and lepton numbers (B-L).
In this paper, we explore the LHC signature of these L-R models by focusing on the like-sign leptons from the decays of the left-handed doubly charged scalars (δ ±± L ). It is worthwhile to mention here, that the doubly charged Higgs particles may also arise in other models, such as, Georgi-Machacek model [3] , Littlest Higgs model [4] and 3-3-1 models [5, 6] . Recent publications [7] [8] [9] have studied the doubly charged Higgs belonging to different multiplets. A rather interesting work [10] has investigated lepton number violating decays of heavy flavor fermions (t, τ ) induced by the doubly charged Higgs.
In Refs. [7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] the production of doubly charged Higgs boson has been considered using Drell-Yan (DY) mechanism in the scope of the models described above. In this paper, we consider the production of a pair of doubly charged Higgs boson accompanied by two energetic tagging jets, predominantly produced by vector boson fusion (VBF) processes, where the leading jets are very helpful to reduce the background. In various different contexts the single production of a doubly charged Higgs boson through W ± W ± fusion at the LHC, have been discussed in some earlier studies [22] [23] [24] . In these studies the vacuum expectation value (VEV) of the triplet sector is assumed to be non-zero and consequently the final states with W ± W ± are considered using the decay modes of W containing e and µ. However we differ from these searches in the sense that, we have only considered the scenario where the left triplet VEV of L-R symmetric models are zero, to avoid unnatural experimental consequences. In such a scenario, we will consider e, µ and τ (hadronic) final states arising from the doubly charged Higgs decays directly along with two high p T jets. By using VBF topological cuts, we shall offer a search strategy of the doubly charged Higgs boson at the LHC, complementary to the current search being performed by CMS [25] and ATLAS [26, 27] for multilepton final states without using two tagged jets. The potential discovery of δ ±± L in both VBF and DY channel can be instrumental in determining the electroweak (EW) origin of it.
The paper is orgainized as follows: Section II briefly reviews the L-R symmetric model. Section III discusses the production mechanism and the subsequent decay of the doubly charged Higgs. The results for future LHC searches are given in Section IV. Finally the conclusions drawn from the study have been summarized in Section V.
II. THE LEFT-RIGHT SYMMETRIC MODEL
Here we present a brief overview of the SU (2) L × SU (2) R × U (1) B−L L-R symmetric models [1, 2] . The scalar sector of these models consist of the following Higgs multiplets [28, 29] :
The Higgs mutiplets transform according to ∆ L ↔ ∆ R and φ ↔ φ † . The scalar field potential involving the interactions of φ, ∆ L , ∆ R involves numerous parameters. For reader's convenience, we included the most general potenial in Appendix A. Following the notations of Ref. [28] we define,
The VEV of the bidoublet φ and triplets ∆ L,R are given by
While the bidoublet φ breaks the SM symmetry
broken by the triplet VEVs (v L , v R ) and consequently provides a Majorana mass to the right-handed neutrinos.
A. Vacuum expectation-value scenarios
The parameters in the scalar field potential can be severely constrained by various experimental observations. From the K L − K S mixing, W R is constrained to be very heavy (m W R 2.63 TeV) [30] . The gauge invariance of SU (2) R × SU (2) L × U (1) B−L requires the coupling of W R to both ∆ R and φ. Consequently m W R depends on v R , κ 1 and κ 2 , with both κ 1 , κ 2 at the electro-weak (EW) scale. Thus v R needs to be large (v R κ 1 , κ 2 ). Furthermore, the L-R model gives rise to flavour changing neutral current (FCNC). Without loss of generality, one can assume κ 1 ≥ κ 2 , κ 1 = 0. Under these assumptions, it was argued in Ref. [28] that κ 2 must be zero in order to suppress FCNC.
Thus after fixing κ 2 = 0 and κ 1 , v R = 0, there are two options for the left-handed VEV,
κ by the ρ EW parameter, where κ = κ 2 1 + κ 2 2 . For κ 2 = 0, the ρ EW is given in Ref. [28] ,
From the experimentally observed value [30] ρ EW = 1.0004
−0.0004 (at 2σ), we obtain a bound v L 3.5 GeV, which is very small compared to κ 1 ≈ 246 GeV. Now let us take a more detailed look at each left-handed VEV scenario.
vL = 0
The minimization condition of the Higgs potential in this case sets ρ dif = 0. Thus from the mass spectrum of the left Higgs triplet, presented in Appendix A, we obtain at the tree level,
L decay is invisible and it becomes constrained by the invisible Z decay width measurement. Using Table III in Appendix B, we obtain
which violates the experimental uncertainty on the invisible Z width 1.5 MeV [30] . Thus we can conclude that the v L = 0 VEV scenario of L-R symmetric models, is ruled out.
In this scenario the left-handed Higgs triplet scalars do not mix with their bidoublet counterparts and they are the mass eigenstates by themselves. ρ dif can be arbitrary in this case. The mass spectrum is given as (see Appendix A for details), We shall see in the subsequent sections that these masses, especially their differences, are of much phenomenological interest.
III. PHENOMENOLOGY AT LHC
In this section we discuss the VBF production of the doubly charged Higgs boson and their decay channels.
A. Production of the doubly charged Higgs
The gauge bosons and the left Higgs triplet couplings can be derived from the corresponding Higgs triplet kinetic term of the Lagrangian,
The covariant derivative is defined by,
where VBF processes: In a VBF process a pair of Higgs triplet scalars (δ
is produced by the fusion of two virtual vector bosons (W, Z, γ) radiated by the incoming quarks. Two associated back-to-back 'tagging' jets appear in the forward region with a large angular separation |∆η j1j2 | 1 . A further kinematic cut on the invariant mass of the two jets M j1j2 , combined with |∆η j1j2 | will be instrumental to reduce SM backgrounds. Since the pair production of two heavy scalars require the incoming partons to be very energetic, the tagged VBF jets should also have high p T . The specific cuts are listed in Section IV. 
, and comparison of the production cross-sections for pp → δ
The aforementioned final states can also be produced by DY processes, although the DY production mechanism is not accompanied by the forward-backward jets. Ref. [7] made a comparison between the DY and VBF production and found VBF cross-section is ∼ 5 − 10% of the DY cross-section for triplet scalar masses below 1 TeV. Nevertheless the production of δ Fig. 2 . However this mass difference is also subject to ρ EW constraint via the triplet Higgs' contribution to the W ± boson mass at loop order, as given in Ref. [28] ,
where,
We recall the fact that the latest experimental value of ρ EW = 1.0004
−0.0004 [30] allows us to have ∆ρ EW 0.001 at 2σ. This yields a severe bound of ∆m max ∼ 40 GeV. The bound on the mass splitting as a function of m δ 0 L and ∆α has been presented in Fig. 1 . This bound also applies for the mass splitting between δ + L and δ 0 L . It is worthwhile to mention here that a bound on ∆α may arise from the mass bounds on the FCNC scalars [28] . For a fixed ∆α and ∆m we can set an upper bound on the mass of δ 0 L . The dependence of the cross-section on ∆m is illustrated in Fig. 2 . Here we have plotted the variation of the cross-section as a function of m δ ++ L for ∆m = 0 and 40 cases.
B. Decay of the doubly charged Higgs
Here we will show that with v L = 0, δ ++ L dominantly decays to a pair of same sign leptons (e, µ, τ ) that can give rise to an unique collider signature. Since B − L charge is 2 for the triplet, their Yukawa couplings are given by the Lagrangian,
where i, j are the lepton generation indices, and C is the charge-conjugation operator. ψ L is the left-handed lepton doublet. Various constraints may arise on the Yukawa couplings from different experiments. These constraints on h
M ij
have been discussed at a great detail in Refs. [10, 28, 31] . Here we only list the relevant ones for our study.
The Bhaba scattering yields a constraint [31] 
The moun g-2 receives contribution from the δ ++ L [28] . Using the current measurement, ∆a µ = a exp µ − a SM µ = 288 × 10 −11 [30] , we obtain,
From the upper limit of BR(µ → eγ) [30, 31] we get,
The non-diagonal coupling h M µe can break the lepton number of each generation and is the most stringently constrained [28, 30] . Between the first two generation, we find,
Finally, no constraint on h M τ τ is available yet. ∆L = 2 decay rates into different flavor combinations depend on the relative strength of the Yukawa couplings h M ij . In this paper we consider two sample cases:
The constraints on the masssplittings rule that the decays δ
L can only occur virtually. These virtual decays have a subdominant branching ratio compared to that of the dilepton decay channel, hence we ignore them in this paper.
IV. RESULTS
Here we present the significance of a potential LHC signal from the two δ
. The L-R symmetric model is implemented with the FeynRules v1.7.200 [32] package. The signal and background events are generated using MADGRAPH5 [33] followed by showering and hadronization by PYTHIA [34] and the detector simulation by PGS4 [35].
A. Like-sign light lepton pairs
We first consider the decay of δ ±± L into like-sign light lepton pairs (e, µ).
L jj lead to a final state of at least three leptons (≥ 3l) and two or more jets (≥ 2j). The CMS analysis [25] has set the latest bound on m δ ±± L from the 3 lepton channel to be 444 GeV for a 100% decay to ee and 459 GeV for 100% decay into µµ. The corresponding bounds for a 4 lepton final states are respectively 382 GeV for ee and 395 GeV for µµ. In comparison the ATLAS bound [27] for the ≥ 3e/µ channel is 330 GeV, and their bounds from the 4 lepton channel [10, 26] are 409 GeV and 398 GeV for ee and µµ, respectively.
The major SM backgrounds for our final state are pp → W Zjj and pp → ZZjj. The kinematic cuts imposed to reduce these background are as follows:
(1) Basic Cuts: The signal and background events are preselected with the requirement of at least 2 Jets with p T j > 30 GeV and |η j | < 5. The subsequent cuts applied on the pre-selected events are optimized to maximize the signal significance, S/ √ S + B, where S and B denote signal and background rates. (2) VBF Cuts: Denoting j 1 , j 2 to be the pair of jets with the highest M jj , we require (i) p T (j 1 ), p T (j 2 ) > 50 GeV, (ii) η j1 * η j2 < 0, (iii) |∆η j1,j2 | > 4 and (iv) M j1j2 > 500 GeV. We find from Fig. 3 that the M j1j2 of the backgrounds fall below the same of the signal above 500 GeV decay are more energetic than the leptons coming from W, Z bosons. This allows us to impose stringent p T cuts on the leptons as follows: p T (l 1 ) > 120 GeV, p T (l 2 ) > 100 GeV, p T (l 3 ) > 50 GeV, and p T (l 4 ) > 30 GeV. These cuts are instrumental to reduce backgrounds by an order of magnitude. 
B. Like-sign tau pairs
In this subsection we shall present the VBF search strategy in the multi-τ final state. The search with τ leptons is the most difficult amongst the three generation of leptons because of low τ identification efficiency at the LHC. The τ lepton tagging requires the τ to decay hadronically, denoted by 'τ h '. Similar to the light lepton case, the signal final state contains ≥ 3τ h + ≥ 2j together with E / T . Existing CMS bounds [25] for the τ τ final state (for the DY process) are 204 GeV and 169 GeV in the 3 and 4 lepton channel, respectively. The ATLAS does not offer a limit for this scenario.
Tagging the τ h involves the τ h identification (ID) and the fake rate f coming from jets. We look at the case = 50%, f = 1%, both and f flat over p T > 20 GeV [36] , and an alternative enhanced efficiency at = 70%, which could be achievable in future LHC searches [37] , with a higher fake rate f = 2%. The kinematical cuts imposed are listed as follows, (4) τ h p T cuts: since a τ loses part of its p T as E / T , illustrated in Fig. 6 , we use a softer p T cuts: p T (τ h1 ) > 50 GeV, p T (τ h2 ) > 50 GeV and p T (τ h3 ) > 30 GeV and no p T cut for additional τ h s. This cut achieves a 75% cut efficiency for the signal, and reduces the background by a factor of 2.
(5) E / T cut: E / T > 50 GeV. Because the τ decays into the invisible ν τ , the invariant mass of the same-sign τ pair cannot be reconstructed completely. Fig. 7 shows the visible mass, M τ ± τ ± (vis), of the like-sign τ h pair from m δ ++ = 210 GeV. Due to the loss of visible p T , the τ τ mass show a broad distribution that centres at 140 GeV, below the parent δ 
V. CONCLUSION
In this paper we investigated the LHC prospects of pair production of the doubly charged Higgs bosons from L-R symmetric models via the VBF process. The VBF offers a complementary search strategy to the existing studies on the DY process, and can be important in understanding the electroweak origin of the doubly charged Higgs boson.
We chose the v L = 0 scenario to avoid Z boson decay into δ dominantly decays into like-sign lepton pairs. The LHC signature is consist of multiple (≥ 3) leptons, 2 tagging jets in the forward region of the detector and missing energy (in τ final state only). Due to different identification efficiencies, we studied the light lepton (e, µ) and hadronically decaying τ h scenarios separately.
A series of kinematical cuts, led by the VBF-topological cuts, the number of leptons in the final state and p T cuts, are found to be effective against SM backgrounds. For a luminosity of 1000 fb −1 , we can set an 3σ exclusion limit upto 620 GeV for the light-lepton final state and 290 GeV for τ h final state. The latter assumes a τ ID efficiency at 70% and a 2% jet fake rate. For 3000 fb −1 luminosity, we achieved an exclusion limit at m δ ++ L ∼ 800 GeV and 390 GeV in the light leptons (e, µ) and τ final states.
The most general potential of the scalar sector of the model is given by Refs. [28] and [29] ,
whereφ ≡ τ 2 φ * τ 2 . τ i /2 is the usual 2 × 2 representation matrices of SU (2). The mass-spectrum of the left Higgs triplet, obtained after minimising the above potential, have been discussed below. We have neglected terms of order
The left handed doubly charged Higgs boson δ ++ L is a physical mass eigenstate itself with mass
The physical singly charged Higgs boson isδ 
The complete set of mass eigenstates of the Higgs sector of the L-R model is discussed in [28, 29] . The results presented above are valid for the both vev scenarios under consideration. We can obtain the formulas for relevant cases by simply recalling the fact that for v L = 0, ρ dif = 0, while for v L = 0, ρ dif can be varied. Thus we can readily observe that in the second scenario δ + L is also a pure mass eigenstate.
Appendix B: The Feynman rules for the left Higgs triplet-gauge interaction
We have presented the Feynman Rules for the interaction of the vector bosons and the left Higgs triplet scalars in Table III . Here pi stands for the 4-momentum of the i-th particle at the vertex, with the convention that all the particles are coming into the vertex.
